Advances in sequencing technologies have increased the utility of RNA to many fields of biology. Ideal preservation of RNA in tissues is accomplished by flash freezing and subsequent storage at -80 °C. Buffers such as RNAlater® are commonly used to preserve RNA samples when flash freezing is not possible. RNAlater® performs optimally at subfreezing temperatures, but is also suitable for short periods at room temperature (21 °C). The effectiveness of RNAlater® when samples are stored above room temperature has not been tested. Samples collected outside of the lab are often subjected to temperatures that can exceed room temperature and fluctuate over time. Insect tissues were submerged in RNAlater-like buffer, a noncommercial RNA preservation buffer similar to commercial RNAlater, under various temperature regimes for 21 days. Tests were designed to mimic condition for tissues collected in the field and included constant temperatures of -20 °C, 0 °C, 4 °C, 21 °C, 30 °C, and temperatures that oscillated between -20 °C and 30 °C among others. RNA quality and degradation were determined by electropherograms and electrophoretic gels. Samples yielded high-quality RNA when stored in frozen (-20 °C) or cool (0 °C or 4 °C) conditions, although slightly higher RNA quality was recovered from samples stored in the 0-4 °C temperature range. RNA from samples stored at 21 °C or at oscillating temperatures of -20 °C and 30 °C were of lower quality and were unacceptable for most next-generation sequencing assays. Room temperature appears to be the critical temperature threshold above which RNA in tissues degrades rapidly. Freeze/thaw cycling was shown to mildly improve RNA quality compared to samples stored at a constant 30 °C.
Introduction
The advent of next-generation sequencing (NGS) technologies has allowed access to the wealth of information available from RNA, providing insights into cellular function in the forms of transcriptomes, small RNAs, and gene expression levels. Accordingly, studies utilizing RNA have proliferated in many fields including microbiology, medicine, and molecular ecology [1] . RNA is inherently unstable, however, due to pervasive ribonucleases (RNases) which degrade RNA, limiting the utility of biological tissue for RNA work unless proper preservation protocols are observed [2] . Thus, researchers should determine if the RNA quality from their samples is appropriate for the desired assay and results before performing NGS assays. This is often achieved by running RNA samples on a capillary electrophoresis assay to show degradation and separate the RNA into its constituent 5S, 18S, and 28S bands. The RNA Integrity Number (RIN), a metric to objectively define RNA quality, can be calculated for each sample based on the area of these bands and degradation levels [3] . RIN scores range from 1.0 (completely degraded) to 10.0 (fully intact), and scores above 7.5 are considered acceptable for most NGS assays [4] [5] [6] .
RNA is ideally preserved in biological tissue by flash freezing samples in liquid nitrogen before long-term storage at -80 °C or colder. However, liquid nitrogen is not always available or practical outside of laboratory settings. Various reagents and methods are available for RNA preservation outside of these ideal conditions, among which the buffer RNAlater® (Thermo Fisher Scientific) has proven to be safe, effective, and easy to use [7] . According to manufacturer documentation, tissues preserved in RNAlater® will yield high-quality RNA after storage at room temperature (21 °C) for up to one week, or for up to one month if refrigerated (4 °C). Tissues stored in RNAlater® for periods exceeding one month require sub-freezing conditions to maintain high-quality RNA. Many studies have confirmed the ability of RNAlater® to effectively preserve RNA in samples when following manufacturer protocols for tissue storage at frozen (-20 °C), refrigerated (4 °C), and room temperatures (21 °C) [8] [9] [10] [11] [12] [13] [14] [15] .
RNA degradation in samples stored in RNAlater® over a period of time typical for field biologists of most disciplines (several weeks) remains understudied [16] , especially in consideration of conditions that researchers commonly experience in the field (e.g. samples kept on ice, stored in warm environments (30 °C), or subjected to fluctuating temperatures). The few studies that have assessed the quality of RNA from samples stored at room temperature for longer than two months were unable to recover RNA of adequate quality for NGS assays [8, 16] . Currently, no research has examined RNA preservation of tissues in RNAlater-like buffers when subjected to temperatures exceeding room temperature. Additionally, the only Page -02 ISSN: 2474 ISSN: -1914 study to date examining the effect of fluctuating temperatures and freeze/thaw cycles on samples stored in RNAlater® only observed RNA quantity without measuring the effects on quality [17] .
The present study aims to provide a set of reference scenarios that simulate field conditions and various preservation practices. The aforementioned studies have shown temperature to be a significant driver of RNA quality in samples stored in RNAlater®. We therefore focused primarily on understudied temperature regimes commonly experienced away from a laboratory setting over a period typical of field research.
Materials and Methods

Buffer solution preparation
We prepared an RNA preservation buffer similar to the commercial RNAlater® (Thermo Fisher Scientific) and originally called nucleic acid preservation (NAP) buffer [16] in the lab (see Appendix for formula). This solution was shown to perform as well as commercial RNAlater® (Thermo Fisher Scientific) in RNA preservation as determined by RIN score [16] . For simplicity, we will refer to this non-commercial solution as RNAlater-like buffer throughout this paper, whereas the commercial solution from Thermo Fisher Scientific will be referred to as RNAlater®.
Specimen selection
We sought tissue samples that provided control over variables that might lead to discrepancies in RNA quality or quantity. Specimens of burying beetles -Nicrophorus marginatus (Fabricius) (Coleoptera: Silphidae) -were selected from laboratory-reared populations in the Belk lab (BYU Dept. of Biology). All beetles used in this study were part of an F3 generation that originated from a parental population collected in August 2014 near Goshen, UT. Nicrophorus marginatus larvae were reared on 20 g mouse carcasses that were kept in a 23 °C temperature-controlled room on 14:10 hour light:dark cycles. Broods were checked every morning between 8:00 and 11:00, and newly enclosed beetles were removed immediately. 
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ISSN: We then determined the sex and mass for each individual. We sought to use beetles of approximately the same weight to minimize diversity between samples. To accomplish this, all female beetles weighing between 0.280 g and 0.320 g were selected for use in our study and were processed for RNA preservation (see below) within five hours of being removed from the brood chamber. This resulted in ten beetles being processed for each temperature parameter (see below). From these ten samples, the three closest in weight to 0.300 g were selected for additional processing and analysis.
RNA preservation
Size and thickness of tissue, as well as the presence of an exoskeleton, can have dramatic impacts on the effectiveness of RNA preservation by RNAlater® [13] . Beetles selected for the study were cut into quarters along the sagittal and transverse planes to ensure small enough tissue sizes to allow for complete permeation of the buffer solution. According to RNAlater® protocol, tissue should be suspended in 0.5 mL solution for every 0.1 g of tissue sample. Accordingly, all four sections comprising the 0.3 g beetle were immediately submerged in 1.5 mL RNAlater-like buffer solution.
Although RNA work is generally performed on specific tissues rather than whole specimens, RNA extraction from entire specimens was performed to standardize tissue type and generate consistent quantities of RNA.
Immediately following submersion in RNAlater-like buffer, tissues were stored under a specific temperature regime for 21 days. Temperature parameters were as follows: frozen (-20 °C), on ice (0 °C), refrigerated (4 °C), room temperature (21 °C), warm (30 °C), -20 °C for one day followed by 30 °C for 20 days, -20 °C for seven days followed by 30 °C for 14 days, and 72 hour oscillations between -20 °C and 30 °C. Tissues kept on ice were enclosed in a Styrofoam™ container (3,700 cm 3 ) and ice was replenished every 24 hours to maintain an ice-water medium near 0 °C. One temperature regime oscillated samples between -20 °C and 30 °C every 72 hours to determine the effects of fluctuating temperature and freeze/thaw cycles on RNA quality. Samples at oscillating temperatures were moved immediately to a freezer (-20 °C) or incubator (30 °C) to minimize time spent at intermediate temperatures. Two additional temperature regimes were employed to test whether an immediate freezing of the tissues would disrupt RNase degradation activity. Tissues in these regimes were initially frozen for either one or seven days, then immediately transferred to a 30 °C incubator for the remainder of the 21 day study (20 or 14 days, respectively). Temperature parameters are summarized in Table 1 .
RNA extraction
Following the 21-day temperature storage period, three beetles from each test group were selected by weight for RNA extraction and analysis. The average weight of beetles chosen was 0.302 g (SD = 0.009 g). Additional information on the specimens used in this study is given in Table 2 . All samples to be extracted were equilibrated to room temperature and then placed in 2.0 mL Tough Tubes (MoBio) with lysate buffer made from 600 µL RA1 buffer solution (NucleoSpin RNAII extraction kit, Clontech) and 6 µL β-mercapto ethanol. Entire beetles were then pulverized by vortexing on the highest setting for ten minutes with seven 2.8 mm (325 g) ceramic beads (MoBio) to create lysate. Preliminary experiments demonstrated that entire beetles provided enough organic content to prevent solutions from freely passing through filter columns. Accordingly, each 600 µL lysate was divided into three 200 µL lysates to minimize build-up. For each sample, total RNA was extracted from the three 200 µL lysates using NucleoSpin RNAII columns (Clontech) following manufacturer protocols. Finally, the three aliquots of lysate were recombined to yield complete RNA solution from each sample.
RNA quantity and purity
All extractions yielded an identical volume of RNA solution, thus, RNA concentration provided an appropriate and comparative metric of total RNA quantity. RNA concentration was determined using the Quant-iT RiboGreen kit (Invitrogen, Carlsbad, CA, USA) and measured on the TBS-380 mini-fluorimeter from Turner Biosystems (Sunnyvale, CA, USA) in the Brigham Young University Sequencing Center. This kit uses fluorimetry to accurately determine RNA quantity even in the presence of common nucleic acid contaminants such as proteins, urea, and ethanol [18] . Because the RiboGreen assay is accurate up to 1 ng/µL [18, 19] and the majority of our samples measured over 100 ng/µL, we vortexed and diluted aliquots of our samples 1:1,000 and then ran assays according to manufacturer's instructions. Total RNA concentration was also determined by a ND-1000 spectrophotometer (NanoDrop, ThermoScientific, Wilmington, DE, USA). This assay uses UV spectroscopy to determine nucleotide absorption at 260 nm and is most sensitive for samples between 2.5 and 500 ng/µL [19] . Samples that initially measured more than 500 ng/µL were diluted 1:10 and re-measured to ensure accuracy.
To check for contaminants, samples were analyzed using the NanoDrop spectrophotometer by comparing 260/280 and 260/230 ratios. The 260/280 ratio is commonly used to detect protein contamination, with ratios above 1.8 considered pure RNA [20] . Similarly, the 260/230 ratio is used to determine contamination of phenol and other organic compounds, and RNA is considered pure with a ratio above 1.8 [20] . Undiluted RNA concentrations, 260/280 ratios, and 260/230 ratios for each sample are given in Table 2 .
Statistical analysis
To determine the effect of temperature at which samples are stored on the RNA yield, we used a generalized linear model (Proc GENMOD; SAS version 9.4, SAS Institute Inc. Cary NC). In the model, there were two response variables: RNA quantity from the TBS-380 RiboGreen assay and RNA quantity from the NanoDrop spectrophotometer, and the predictor variable was the treatment. The data did not fit the assumptions of the model, so a log transformation was used for both response variables.
RNA quality
RNA quality was determined through both electrophoretic gel and the Agilent Total Eukaryote RNA 6000 Nano chip analysis. Chip analyses were conducted on an Agilent 2100 Bioanalyzer following manufacturer protocols. High-quality samples are characterized by strong 18S and 28S bands which form primary components of the RIN score [3] . Insect rRNA is unique in that the 28S rRNA subunit is made of two rRNA strands hydrogen-bonded together [21] . When heated to denature RNA secondary structure, the insect 28S subunit dissociates into two strands which co-elute with the 18S band [22] , forming a sharp double peak in the 18S region. As a result, insect RNA samples run on the Agilent 2100 Bioanalyzer do not generally show a 28S peak, and the resulting RIN scores are therefore deceptively low. Running samples through the Agilent 2100 Bioanalyzer without heating reveals the presence of both the 18S and 28S bands [22] , however, the persisting secondary structures lead to irregular peaks, preventing the samples from receiving an accurate RIN score (see comparison of heated vs non-heated in Figure 1 ). To provide consistent and comparable results for this study, samples were heated at 65 °C for two minutes before being run on the Bioanalyzer. RIN scores are reported, as they are useful in comparing against other samples within this study. However, they should not be considered representative of the values expected from non-insect samples.
To provide an empirical metric of RNA quality, a total rRNA ratio -the ratio of RNA contained under the 5S (when observable), 18S, and 28S (when observable) rRNA peaks compared to total RNA -was recorded. This ratio was shown by Schroeder et al. to be the most informative metric of RNA quality and is therefore the strongest predictor of RIN score [3] . Generally, samples with a total rRNA ratio exceeding 0.35 received a RIN score equal to or greater than 7.5 in non-insect samples [3] . Insect samples of comparable quality to noninsect samples as determined by rRNA ratio would be expected to give RIN numbers lower than 7.5 due to the nature of insect rRNA (see above). Consequently, we considered samples from our study with a total rRNA ratio equal to or exceeding 0.35 to be suitable for NGS assays, while samples with scores below this value were deemed unsuitable for such assays.
As the 18S and 28S rRNAs formed a single double peak when run on the bioanalyzer, samples were run on an ethidium bromidestained 1% TBE agarose electrophoretic gel for 30 minutes at 140 V to confirm the presence of unique 18S and 28S bands. The 5S band is also visible on electrophoretic gel in RNA samples that are concentrated and well-preserved and is an indicator of high RNA quality. Electropherograms from the Agilent 2100 Bioanalyzer were therefore used with heated samples to show general degradation and calculate total rRNA ratios and RIN scores, while gel electrophoresis was used to show the presence of the distinct rRNA bands. Together, the electropherograms and electrophoretic gels give a reliable representation of RNA quality.
Results
RNA quantity and purity
RNA quantity, as determined by both TBS-380 RiboGreen assay and the NanoDrop spectrophotometer, exhibited less variability between temperature regimes than did RNA quality. The concentrations recovered by spectrophotometry were consistently higher than those recovered by RiboGreen. Despite the differences in measurement, both methods revealed similar trends in returned quantity (Figure 2) . The results of the generalized linear model showed significant differences in the quantity of RNA yield from the nine treatments for both the TBS-380 RiboGreen assay (p = 0.0005) and the NanoDrop spectrophotometer (p = 0.0010). In both assays, the -20 °C treatment yielded more RNA than the room temperature treatments and all 30 °C treatments (including temperature-oscillated samples) (Figure 2 ). In the RiboGreen assay, the -20 °C treatment yielded more RNA than the room temperature treatment, all 30 °C treatments, and the ice treatment (Figure 2 ). In both RiboGreen and NanoDrop assays, refrigerated samples returned higher RNA quantities than room temperature samples, temperature-oscillated samples, or 30 °C that were first frozen for one week. Despite the high RNA yield from frozen and refrigerated samples, there was no significant difference between live-extracted samples and any of the treatment groups, with the exception of temperature-oscillated samples returning lower RNA concentrations than live-extracted samples as determined by RiboGreen analysis (Figure 2 ). There was no correlation between beetle weight and RNA yield as determined by RiboGreen (Spearman, ρ = 0.250, p = 0.201) or NanoDrop (Spearman, ρ = 0.243, p = 0.222) analyses). The 260/280 and 260/230 ratios of all samples were indicative of pure RNA (Table 2 ).
RNA quality
We found RNA samples preserved in RNAlater-like buffer at -20 °C, 0 °C (ice), and 4 °C for 21 days yielded high-quality, well-preserved RNA that was comparable to or exceeded the quality of RNA obtained from live specimens. This was demonstrated by clear bands showing the 5S, 18S, and 28S subunits with minimum smearing (indicative of degradation) on ethidium bromide-stained gels, and low levels of degradation and a clear double peak representing the combined 18S and 28S subunits in the electropherograms (Figures 3 and 4) . RIN scores obtained from live or frozen samples were consistently near 6.0. RIN scores from refrigerated tissues averaged 6.5 while tissues kept on ice often approached 7.0. Live, frozen, on ice, and refrigerated samples all yielded total rRNA ratios exceeding 0.39 (Table 3 ).
In contrast, specimens stored at 30 °C for 21 days yielded lowquality, poorly-preserved RNA with large amounts of degradation visible in the electropherograms. The double peak representing the 18S and 28S bands was still present in these samples, however it was markedly reduced compared to well-preserved samples and only the 18S band was faintly detectable on electrophoretic gel ( Figures  3 and 4) . The average RIN score for 30 °C samples was 2.6 and the average total rRNA ratio was 0.060. Samples subjected to an initial freezing for either one or seven days before being stored at 30 °C for the remainder of the study were similarly degraded and nearly indistinguishable by electropherogram, total rRNA ratio, or gel electrophoresis results from samples left at 30 °C for the entirety of the study (Figures 3 and 4) . Average RIN scores for samples initially frozen for one or seven days were 2.7 and 2.9, respectively. Average total rRNA ratios were 0.086 for samples frozen for one day and 0.08 for samples frozen for seven days. RIN scores and total rRNA ratios for each sample are given in Table 3 .
Samples subjected to temperature oscillations between -20 °C and 30 °C showed moderate degradation. Temperature-oscillated samples exhibited smearing and a faint 18S band, without presence of a significant 5S or 28S bands when viewed on an electrophoretic gel (Figure 4) . However, these samples also exhibited a distinct double peak representing the 18S and 28S bands, making electropherograms from these samples closer in appearance to well-preserved samples than other 30 °C derivatives (Figure 3) . The RIN scores recovered for these samples averaged 3.7 and the average total rRNA ratio was 0.125 (values for each sample given in Table 3 ).
Specimens stored at room temperature showed some degradation visible in the electropherogram but also exhibited a distinct double peak indicating that the 18S and 28S subunits were largely intact (Figure 3) . The 18S and 28S bands were also discernible on an electrophoretic gel, but they were not as apparent as those seen with highly preserved samples. The 5S band was not visible in gels from these samples (Figure 4 ). Room temperature samples returned the most variation in RIN scores with an average of 4.5. Total rRNA ratio for these samples averaged 0.245. While comparable in electropherogram appearance to temperature-oscillated samples, the RIN scores, total rRNA ratios, and appearance on an electrophoretic gel of room temperature samples suggest higher RNA quality than temperature-oscillated samples.
Discussion
Samples that were frozen or refrigerated yielded notably higher RNA concentrations. The reason why these two temperature treatments returned consistently higher RNA quantities is unclear. However, the trend in RNA yield approximately follows the pattern of RNA quality, with samples kept on ice presenting a potential exception. Many factors can affect RNA yield, including extraction protocol [13, 23] . While previous studies have shown that different protocols can lead to different RNA yields, our results suggest that RNA quality and quantity may be correlated, at least when extracted using NucleoSpin RNAII Columns (Clontech). RNA degradation is most likely to occur along the phosphate backbone leading to fragmented RNA [2] . It is therefore possible that the RNA of degraded samples is more likely to pass through the spin columns during extraction, as NucleoSpin RNAII columns are intended to extract RNA fragments larger than 200 bp (NucleoSpin® RNA user manual). This would account for the lower concentrations seen in degraded samples. It is also possible that preserving samples in RNAlater-like buffer for three weeks facilitated additional cell lysis leading to higher RNA yield. This may help explain why frozen and refrigerated samples were generally (but not significantly) higher than live-extracted samples. Further research will be needed to address the relationship between quality and quantity of RNA extracted with filter columns.
RNA quality of samples stored in RNAlater-like buffer is highly sensitive to temperature. We found that samples kept cool (-20 °C, 0 °C, or 4 °C) for 21 days yielded high-quality RNA appropriate for use in NGS assays. This is in line with manufacturer claims that samples can be preserved at 4 °C for up to one month. Of particular interest, samples preserved at 0 °C or 4 °C returned the highest quality RNA. Based on these results, researchers may obtain higher-quality RNA from samples stored on ice or refrigerated, rather than frozen, for the duration of field travel. This suggests that RNAlater-like buffer Room temperature and -20 °C/30 °C oscillations samples yielded moderate-quality RNA. The total rRNA ratios of these samples was recovered below 0.35, suggesting that they are likely unacceptable for NGS assays. However, the quality of RNA that is acceptable for NGS techniques depends on various factors including assay sensitivity and the needed quantity of intact RNA. Additionally, the accuracy of assays run with semi-degraded samples may be increased if linear models are used to correct for the effects of RNA degradation on recovered gene expression levels [24] . While not ideal, samples that have unavoidably experienced some degradation under field conditions may still produce acceptable results and should be used at the discretion of the researcher.
Samples subjected to 30 °C for 21, 20 (initially frozen for one day), or 14 days (initially frozen for seven days) were highly degraded and are probably unacceptable for most NGS assays, regardless of previous temperature treatment. In contrast, samples stored at 21 °C were of moderate quality and may still be acceptable for NGS assays in some circumstances. Despite being kept closer to 30 °C than 4 °C, the average RIN score and total rRNA ratio of RNA from 21 °C samples were approximately halfway between 4 °C and 30 °C samples. This suggests that RNA degradation rates are non-linear with regards to temperature and may increase exponentially with temperature. The nearly identical RNA quality recovered from samples stored at -20 °C, 0 °C, and 4 °C provides further evidence for an exponential relationship between temperature and RNA degradation rates in samples stored in RNAlater-like buffer. Room temperature appears to be near a critical threshold below which RNA degradation is minimal and above which RNA degradation is rapid.
Samples subjected to temperature oscillations between -20 °C and 30 °C were partially degraded but were better preserved than other 30 °C treatments. One possible explanation for this result is decreased time at 30 °C. Samples that oscillated between -20 °C and 30 °C spent a total of nine days at 30 °C and returned an average RIN score of 3.7 and an average total rRNA ratio of 0.125. In contrast, 30 °C treatments spent 14 days, 20 days, or 21 days at 30 °C and gave average RIN scores of 2.9, 2.7, and 2.6, respectively with total rRNA ratios of 0.08, 0.086, and 0.06, respectively. While the additional five days at 30 °C may be responsible for the difference in RNA quality between temperature-oscillated samples and those at 30 °C for 14 days, it should be noted that the difference in RNA quality between samples at 30 °C for 14 days vs. 20 days was marginal. There are two likely explanations for the increased preservation seen with oscillating samples. The first is that rapid RNA degradation continued after nine days at 30 °C but slowed by 14 days. The second is that the freeze/thaw cycles experienced by these samples helped interrupt RNA degradation processes and allowed for slightly improved RNA preservation. In either case, the results from temperature oscillating samples demonstrate the importance of keeping samples as cool as possible. Freezing samples prior to travel or other inconveniences where storage in cool environments is not possible may help minimize degradation caused by such unavoidable, sub-ideal temperature regimes.
Conclusion
RNAlater-like buffers can be an effective solution for preserving RNA in tissue samples for periods of up to 21 days, and likely beyond with proper treatment. Our results indicate that researchers collecting samples for RNA in the field should use every available means to keep samples as cold as possible, with cooled (0 °C, 4 °C) liquid RNAlaterlike buffer providing an ideal medium for preservation over a 21-day period. Samples kept in cool conditions will yield high-quality RNA, even if never frozen. RNA degradation appears to increase exponentially with temperature in samples stored in RNAlaterlike buffer, with temperatures around 21 °C resulting in significant degradation over 21 days. Accordingly, great care should be taken to minimize the time samples are stored near or above 21 °C. Freezethaw cycles may help disrupt RNA degradation processes in samples stored in warmer temperatures. Samples should be kept cool for as long and often as possible as any samples subjected to temperatures exceeding room temperature will rapidly degrade, regardless of prior treatment.
